The mTOR protein kinase is the target of the immunosuppressive and anti-cancer drug rapamycin and is increasingly recognized as a key regulator of cell growth in mammals. S6 kinase 1 (S6K1) is the best characterized effector of mTOR, and its regulation serves as a model for mTOR signaling. Nutrients and growth factors activate S6K1 by inducing the phosphorylation of threonine 389 in the hydrophobic motif of S6K1. As phosphorylation of Thr 389 is rapamycin sensitive and mTOR can phosphorylate the same site in vitro, it has been suggested that mTOR is the physiological Thr 389 kinase. This proposal is not supported, however, by the existence of mutants of S6K1 that are phosphorylated in vivo on Thr 389 in a rapamycin-resistant fashion. Here, we demonstrate that the raptor-mTOR complex phosphorylates the rapamycin-sensitive forms of S6K1, while the distinct rictor-mTOR complex phosphorylates the rapamycin-resistant mutants of S6K1. Phosphorylation of Thr 389 by rictor-mTOR is independent of the TOR signaling motif and depends on removal of the carboxyl terminal domain of S6K1. Because many members of the AGC family of kinases lack an analogous domain, rictormTOR may phosphorylate the hydrophobic motifs of other kinases.
tor-mTOR complex and inhibits its kinase activity (7) (8) (9) . The best characterized effector of raptor-mTOR is the translational regulator S6 kinase 1 (S6K1) 1 and in vitro raptor-mTOR directly phosphorylates S6K1 on a key residue (1), threonine 389 (Thr 389 ) within the hydrophobic motif COOH-terminal to the kinase domain (8) (Fig. 1A) . Consistent with its capacity to inhibit raptor-mTOR function in vitro, rapamycin treatment of cells triggers the rapid dephosphorylation of Thr 389 and inactivation of S6K1 (10 -12) .
Despite the evidence supporting mTOR as the bona fide Thr 389 kinase, this notion is still controversial because of the unexplained behavior of certain mutants of S6K1 that are phosphorylated on Thr 389 in a rapamycin-resistant fashion (13, 14) . To understand whether mTOR participates in the phosphorylation of these mutants we undertook, in lieu of rapamycin treatment, a loss of function approach to inhibit mTOR function. Using RNAi to suppress the expression of mTOR and its associated proteins we find that mTOR is the Thr 389 kinase of wild-type and rapamycin-resistant S6K1. However, distinct mTOR complexes recognize the different forms of S6K1, and this recognition depends on the structure of S6K1.
EXPERIMENTAL PROCEDURES
Materials-Reagents were obtained from the following sources: protein G-Sepharose from Pierce; glutathione-Sepharose from Amersham Biosciences; mTOR, TSC2, S6K1, and GST antibodies as well as horseradish peroxidase-labeled anti-mouse, anti-goat, and anti-rabbit secondary antibodies from Santa Cruz Biotechnology; raptor, phosphoThr
389
, and phospho-Ser 411 S6K1 antibodies from Cell Signaling; HA monoclonal antibody from Covance; myc monoclonal antibody from Oncogene Research Products; Dulbecco's modified Eagle's medium from Invitrogen; and rapamycin and LY294002 from Calbiochem. The rictor antibody has been described previously (5) .
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HEK293T cells growing in 10-cm dishes were rinsed once with cold phosphate-buffered saline and lysed on ice for 20 min in 1 ml of ice-cold lysis buffer (40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, and EDTA-free protease inhibitors (Roche Applied Science)) containing either 0.3% CHAPS or 1.0% Triton. After centrifugation at 13,000 ϫ g for 10 min, 4 g of the indicated antibodies were added to the cleared supernatant and incubated with rotation for 90 min. 20 l of a 50% slurry of protein G-Sepharose was then added and the incubation continued for 1 h. Captured immunoprecipitates were washed four times with lysis buffer (5). Samples were resolved by SDS-PAGE and proteins transferred to polyvinylidene difluoride and visualized by immunoblotting as described (5) . In vitro mTOR kinase assays were performed as described (15) . Generation of Stable Cell Lines-cDNAs for rat S6K1, F5A S6K1, ⌬CT S6K1, and F5A⌬CT S6K1 were prepared by PCR mutagenesis and subcloned into the MSCV Puro vector (16) . For these myc-tagged constructs the cytoplasmic p70 version of S6K1 was used. Moloney retroviruses were generated and HEK293T cells infected and selected with puromycin at 2 g/ml.
In Vitro Kinase Substrates-cDNAs for rat p85 S6K1 and its mutants were subcloned into HA-GST PRK5 (8) . The p85 version of S6K1 was used for the in vitro kinase assay substrates because it was expressed at higher levels than the p70 version and this facilitated its purification. Plasmids were transfected into HEK293T cells and HA-GST fusion proteins purified as described (8 (15) . Plasmids were propagated in and purified from Stbl2 bacterial cells (Invitrogen) and co-transfected together with the Delta VPR CMV VSVG plasmids into actively growing HEK293T using FuGENE (Roche Applied Science) as described (17) . Virus-containing supernatants were collected at 36 and 60 h after transfection and concentrated by ultracentrifugation for 1.5 h at 23,000 rpm in an SW28 rotor at 4°C. Pellets were resuspended overnight at 4°C in 1/600th of the original volume. Cells were infected twice in the presence of 6 g/ml protamine sulfate and analyzed on the 4th day after infection. Cells were lysed and analyzed by immunoblotting as described as above. Equal amounts of protein were separated by SDS-PAGE except for samples from HEK293T cells stably expressing S6K1 mutants that were normalized to amounts of S6K1 mutants.
RESULTS AND DISCUSSION
To determine whether mTOR is essential for the phosphorylation of rapamycin-resistant mutants of S6K1, we inhibited the expression of mTOR and its associated proteins with RNAi mediated by lentivirally transduced shRNAs (15, 17) . To control for potential off target effects of the shRNAs we used two distinct shRNAs to target the mRNA of each protein. Reductions in the expression of mTOR or raptor, but not rictor, strongly inhibit the phosphorylation of Thr 389 and Ser 411 of wild-type S6K1 (Fig. 1B) . As expected these phosphorylations are also sensitive to rapamycin and to LY294002, an inhibitor of kinases, like mTOR, that have a phosphatidylinositol 3-kinase-like kinase domain (18) . These results are consistent with raptor-mTOR being the in vivo regulator and likely hydrophobic motif site kinase for S6K1 and indicate that rictor-mTOR is not involved in S6K1 signaling.
Having validated our RNAi reagents we asked whether the raptor-mTOR complex regulates Thr 389 phosphorylation of the rapamycin-resistant mutants of S6K1. To address this question we employed three established mutants of S6K1 (Fig. 1A) : ⌬NT ⌬CT S6K1, which has truncations at the NH 2 and COOH termini (13, 14) ; F5A ⌬CT S6K1, which shares the same COOH-terminal truncation as ⌬NT ⌬CT S6K1 but has an inactivating mutation in the TOR signaling (TOS) motif in lieu of the NH 2 -terminal truncation (19) ; and ⌬CT S6K1 mutant, which only has the COOH-terminal truncation (13, 14) . Thr 389 phosphorylation of the ⌬NT ⌬CT and F5A ⌬CT mutants is completely resistant to rapamycin (13, 14, 19, 20) while that of ⌬CT is only partially resistant (13, 14, 20) . The Blenis group has previously shown that the ⌬NT ⌬CT and F5A ⌬CT S6K1 mutants are functionally equivalent as both lack the NH 2 -terminal TOS motif critical for recognition by the raptor-mTOR complex (19) . We created lines of HEK293T cells stably expressing myc-tagged version of each mutant. Decreases in mTOR expression inhibit Thr 389 phosphorylation of both the ⌬NT ⌬CT and F5A ⌬CT S6K1 mutants, but surprisingly, knockdowns of raptor do not ( Fig. 2A) . Instead, reductions in rictor expression eliminate the phosphorylation of both mutants ( Fig. 2A) , suggesting an important role of the rictormTOR complex in the phosphorylation of the prototypical rapamycin-resistant mutants of S6K1. As a rictor knockdown does not affect the phosphorylation of wild-type S6K1 (Fig. 1B) , rictor-mediated regulation of S6K1 must require deletion of the region COOH-terminal to the kinase domain and/or destruction of the TOS motif.
To clarify this issue we examined the role of mTOR, raptor, and rictor in the phosphorylation of ⌬CT S6K1, the partially rapamycin-resistant mutant that is missing the carboxyl-terminal region but has an intact TOS motif. Knockdown of mTOR strongly inhibits Thr 389 phosphorylation of ⌬CT S6K1 (Fig.  2B ), but knockdowns of raptor or rictor have variable and weak effects on its phosphorylation (data not shown). This result suggests that perhaps both the raptor-mTOR and rictor-mTOR complexes regulate ⌬CT S6K1 and that the presence of either is sufficient for Thr 389 phosphorylation. To test this possibility we first reduced the expression of rictor to inhibit rictor-mTOR and then treated cells with 20 nM rapamycin for 20 min to inhibit raptor-mTOR. Neither the rictor knockdown nor rapamycin treatment has strong effects on the Thr 389 phosphorylation of ⌬CT S6K1 (Fig. 2C) . The combination of both, however, eliminates Thr 389 phosphorylation (Fig. 2C) , consistent with raptor-mTOR and rictor-mTOR redundantly mediating the phophorylation of ⌬CT S6K1. These findings indicate that deletion of the COOH-terminal region of S6K1 rather than inactivation of the TOS motif is necessary for the rictor-mTOR complex to phosphorylate S6K1. Moreover, our results support the notion that the TOS motif is necessary for raptor-mTOR to regulate S6K1 (19) and also indicate that the COOH-terminal region of S6K1 does not interfere with raptor-mTOR function.
We used in vitro kinase assays to test if the raptor-mTOR and rictor-mTOR complexes have the substrate preferences predicted by our experiments in tissue culture cells. For this work we purified HA-GST-tagged versions of S6K1 and its mutants expressed in mammalian cells (8) . We prepared four forms of S6K1 for use as substrates (Fig. 1A) : wild-type S6K1, a TOS-deficient S6K1 (F5A S6K1) (19) , the rapamycin-resistant mutant (F5A ⌬CT S6K1) (19) , and the partially rapamycinresistant mutant (⌬CT S6K1) (13, 14) . As a source of mTOR complexes we prepared immunoprecipitates from HEK293T cells with antibodies specific to mTOR, raptor, or rictor (15) .
The mTOR immunoprecipitates contain both the raptormTOR and rictor-mTOR complexes (Fig. 3A) and phosphorylate wild-type S6K1 as well as both COOH-terminally truncated mutants (⌬CT S6K1 and F5A ⌬CT S6K1) (Fig. 3B) . The mTOR immunoprecipitates only marginally phosphorylate the TOS deficient full-length F5A S6K1 mutant (Fig. 3B) , consistent with the complete inactivity of this mutant when expressed in cells (19, 21) . To determine which mTOR complex phosphorylates which substrate we repeated the kinase assays using just the raptor-mTOR or rictor-mTOR complexes (Fig. 3B) . The raptor-mTOR complex phosphorylates wild-type S6K1 and ⌬CT S6K1 but neither of the TOS-deficient mutants. This result clearly indicates that raptor-mTOR requires a TOS motif for efficient phosphorylation of full-length or truncated S6K1 but is unfazed by the presence of the region COOH-terminal to the kinase domain. On the other hand, the rictor-mTOR complex phosphorylates the COOH-terminal truncation mutants irrespective of an intact TOS motif but does not act on wildtype or F5A S6K1. These in vitro results recapitulate our in vivo findings and lead to the following conclusions: 1) the A, shRNAmediated knockdowns of mTOR and rictor, but not raptor, inhibit Thr 389 phosphorylation of the ⌬NT ⌬CT and F5A ⌬CT mutants of S6K1 mutants. HEK293T cells stably expressing myc-⌬NT ⌬CT S6K1 or myc-F5A⌬CT S6K1 were infected with lentiviruses expressing shRNAs targeting the mRNAs of the indicated proteins and analyzed as described in the legend to Fig. 1B. contr., control; LY, LY294002 . B, Thr 389 phosphorylation of ⌬CT S6K1 is sensitive to an mTOR knockdown and to LY294002 treatment (LY). HEK293T cells stably expressing ⌬CT S6K1 were infected with lentiviruses expressing a control (contr.) or mTOR-directed shRNA or treated with the indicated compounds and analyzed as above. C, rapamycin treatment combined with a rictor knockdown completely inhibits Thr 389 phosphorylation of ⌬CT S6K1. HEK293T cells stably expressing ⌬CT S6K1 were infected with lentiviruses expressing a control or rictor-directed shRNA, treated with or without 20 nM rapamycin for 20 min, and analyzed as above. contr., control.
FIG. 3. Rictor-mTOR phosphorylates the rapamycin-resistant S6K1s in vitro.
A, immunoblot analysis for indicated proteins of immunoprecipitates (IP) prepared from HEK293T cells with antibodies specific to mTOR, raptor, rictor, or EGFR. B, in vitro kinase assays using mTOR, raptor, rictor, or EGFR immunoprecipitates (IP) as source of mTOR-containing complexes and indicated HA-GST-S6K1 variants as substrates. Kinase assays were performed as described (15) and analyzed by immunoblotting for phosphorylation on Thr 389 using a phospho-Thr 389 S6K1 antibody and for substrate levels using an HA antibody. HA-GST-S6K1 substrates were expressed in and purified from mammalian cells. C, rapamycin inhibits raptor-mTOR, but not rictor-mTOR, kinase activity in vitro. Raptor, rictor, or EGFR immunoprecipitates (IP) were prepared and used in kinase assays with wild-type S6K1 or F5A ⌬CT S6K1 as substrates. Ab, antibody. D, in vitro kinase assays using mTOR, raptor, rictor, or EGFR immunoprecipitates (IP) and the indicated bacterially produced fragments of S6K1 as substrates. Kinase assays were performed as described (15) and analyzed by immunoblotting for phosphorylation on Thr 389 using a phospho-Thr 389 S6K1 antibody and for substrate levels using a GST antibody. Where indicated reactions contained 20 nM GST-FKBP12 and excess rapamycin at 500 nM. mTOR-raptor complex requires an intact TOS motif to phosphorylate S6K1 but is indifferent to the presence of the region COOH-terminal to the kinase domain; 2) the rictor-mTOR complex does not require a TOS motif but cannot phosphorylate an S6K1 having the COOH-terminal region. From these conclusions we can explain the behavior of the S6K1 mutants within cells. Elimination of the TOS motif by mutation or NH 2 -terminal truncation creates a "dead" S6K1 (19) because it is no longer recognized by raptor-mTOR and the intact COOH-terminal region prevents phosphorylation by rictor-mTOR. Subsequent deletion of the COOH-terminal region from a TOSdeficient S6K1 creates an S6K1 that is exclusively a rictormTOR substrate and is thus completely rapamycin-resistant. Removal of only the COOH-terminal region creates a partially rapamycin-resistant S6K1 because both raptor-mTOR and rictor-mTOR can phosphorylate it. As expected, in vitro, raptormTOR phosphorylation of full-length S6K1 is rapamycin-sensitive, while rictor-mTOR phosphorylation of F5A ⌬CT S6K1 is rapamycin-resistant (Fig. 3C) .
Our in vitro results reinforce the proposal that raptor-mTOR requires a TOS motif to phosphorylate full-length or COOHterminally truncated S6K1. We next asked whether raptormTOR requires a TOS motif to phosphorylate the bacterially produced fragments of S6K1 we used as mTOR substrates (8) before we knew that mTOR exists in two distinct complexes. Even though neither fragment contains a TOS motif, the raptor complex robustly phosphorylates a fragment of S6K1 consisting of amino acids 332-502 as well as a shorter fragment of amino acids 332-415 (Fig. 3D) . This result suggests that in addition to targeting S6K1 to raptor-mTOR, the TOS motif may have an additional role in opening up full-length S6K1 to make Thr 389 accessible to mTOR. Alternatively, these S6K1 fragments may be small enough to not require a TOS motif to enter the catalytic site of the raptor-mTOR complex. Interestingly, rictor-mTOR also phosphorylates both S6K1 fragments, although the presence of the intact COOH-terminal region dampens rictor-mTOR activity (Fig. 3D) , a result consistent with the studies using the full-length proteins.
The proposal that mTOR is the in vivo Thr 389 kinase of S6K1 (8) has been difficult to reconcile with the rapamycin-resistant behavior of certain S6K1 mutants (13, 14, 20) . We demonstrate that deletion of the COOH-terminal region of S6K1 unexpectedly creates a version of S6K1 that is phosphorylated by the rapamycin-insensitive rictor-mTOR complex. Thus, mTOR is likely the Thr 389 kinase for all forms of S6K1, but depending on the structure of S6K1, mTOR requires different partner proteins to function. mTOR needs raptor to phosphorylate S6K1s with intact TOS motifs and rictor to phosphorylate S6K1s missing the COOH-terminal region. The behavior of the fully rapamycin-resistant mutants of S6K1 is explained by inactivation of the TOS motif and loss of the COOH-terminal region, modifications that inhibit and permit phosphorylation by raptor-mTOR and rictor-mTOR, respectively (see models in Fig. 4) . S6K1 is distinct from most AGC family kinase members because of the carboxyl terminal extension beyond its hydrophobic motif. Interestingly, rictor-mTOR also phosphorylates the hydrophobic motif site of Akt/PKB (15), whose COOH-terminal region resembles the truncated S6K1 mutants. We would not be surprised then if rictor-mTOR also regulates other members of the AGC family of kinases having COOH-terminal regions similar to Akt/PKB and truncated S6K1. 
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